Context: Silver-Russell syndrome (SRS) is a genetically heterogeneous syndrome characterized by low birth weight, severe short stature, and variable dysmorphic features. GH treatment is a registered growth-promoting therapy for short children born small for gestational age, including SRS, but there are limited data on the GH response in SRS children and on differences in response among the (epi)genetic SRS subtypes (11p15 aberrations, maternal uniparental disomy of chromosome 7 [mUPD7], and idiopathic SRS).
growth, is involved (5) . The 11p15 region contains two imprinting control regions, ICR1 and ICR2. More than 50% of SRS cases are caused by a hypomethylation of the paternal allele of the ICR1 (6) . Maternal duplications of the ICR2 region have also been described (7, 8) . Recently, mutations in the CDKN1C and IGF-2 genes, also located in the 11p15 region, were discovered as a cause of SRS (9, 10 ). An additional 5-10% of the SRS cases are caused by a maternal uniparental disomy of chromosome 7 (mUPD7) (11) . Furthermore, it has been suggested that uniparental disomy events outside chromosome 7 and widespread DNA methylation changes are present in many SRS patients (12) . In approximately 40%, the genetic cause remains unknown, which is referred to as idiopathic SRS.
GH treatment is a registered growth-promoting therapy for short children born small for gestational age (SGA), including children with SRS (13) . However, there are few data on the growth response to and safety of GH in SRS patients, especially on the long-term. Toumba et al (14) described AH after GH treatment in a small group (n ϭ 26) of SRS patients. None of these patients were tested for aberrations in the 11p15 region, and the clinical scoring system used to diagnose SRS has been updated since then (15) . Binder et al (16) described AH after GH treatment in a group of 37 SRS patients, but most patients measured AH themselves, which might give less reliable results.
Data on genotype-phenotype correlations (ie, differences in phenotype among the different [epi]genetic alterations seen in SRS) are scarce. It has been stated that the 11p15 alterations lead to a more severe SRS phenotype (17) , but it is unknown whether there are differences in GH response among the different (epi)genetic aberrations seen in SRS.
In the present study, we compared response to GH treatment between 62 SRS subjects and 227 non-SRS subjects born SGA. Based on previous literature and our clinical experience, we hypothesized that SRS patients have a similar height gain from the start of treatment until AH as non-SRS subjects born SGA. We also compared growth data of subjects with different (epi)genetic causes of SRS, hypothesizing that SRS subjects with mUPD7 or idiopathic SRS attain a larger AH compared to subjects with aberrations in the 11p15 region because the 11p15 alterations cause the most severe SRS phenotype.
Subjects and Methods

Subjects
For the present study, we included 62 SRS and 227 non-SRS subjects. All subjects were born SGA (birth length and/or birth weight SDS below Ϫ2.0 for gestational age) (18) and received GH treatment because of short stature (height below Ϫ2.5 SDS) (19) . Excluded were subjects with chromosomal abnormalities or signs of a syndrome except SRS, subjects who received less than 3 years of GH treatment, and non-SRS subjects who were also treated with a GnRH analog (GnRHa).
Subjects were diagnosed with clinical SRS based on the Netchine-Harbison scoring system (15) . This recently developed scoring system includes the following six factors: 1) prenatal growth retardation (birth weight and/or length ՅϪ2 SDS for gestational age); 2) postnatal growth retardation (height SDS for calendar age below Ϫ2.0 according to national reference) (19); 3) relative macrocephaly at birth (head circumference at birth at least 1.5 SDS above birth weight and/or length SDS according to Usher and McLean) (18); 4) prominent forehead (defined as a forehead that projects beyond the facial plane on a side view as a toddler); 5) body asymmetry (defined as leg length discrepancy of Ն0.5 cm or arm asymmetry or leg length discrepancy Ͻ0.5 cm with at least two other asymmetrical body parts, with one being a nonface part); and 6) feeding difficulties during early childhood. Patients were classified as clinical SRS if at least four of these six factors were present. All clinical SRS subjects were tested for methylation aberrations in the 11p15 region (ICR1 and ICR2) and for methylation of chromosome 7. Furthermore, 14 of 20 clinical SRS subjects who tested negative for 11p15 aberrations and mUPD7 were also tested for CDKN1C and IGF-2 mutations. Six patients could not be tested for CKDN1C and IGF-2 mutations because there was no DNA available anymore, and they did not want to revisit the hospital after attainment of AH. Patients with clinical SRS without a genetic alteration were classified as idiopathic SRS.
This study was performed according to the Helsinki Declaration and approved by the Medical Ethics Committee of all participating centers. Written informed consent was obtained from all participants and/or their parents.
Design
In this prospective study, all participants were treated with biosynthetic GH at a dose of 1 mg/m 2 /d (0.035 mg/kg/d). GH was administered sc once daily at bedtime. Height, weight, and Tanner stage were determined three-monthly, and GH dose was adjusted to the calculated body surface area.
GH treatment was discontinued at AH. AH was defined as the condition when height velocity dropped below 0.5 cm during the previous 6 months and a bone age Ն15 years for girls and Ն16.5 years for boys.
Measurements
Birth data were obtained from records of hospitals and primary health care centers. Height was measured to the nearest 0.1 cm (Harpenden stadiometer) and weight to the nearest 0.1 kg (Servo Balance KA-20-150S). Anthropometric measurements were performed twice according to standardized methods, after which the mean was calculated. Target height (TH) was calculated as follows: TH ϭ [(maternal height ϩ paternal height ϩ 13)/2 ϩ 4.5] for boys and TH ϭ [(maternal height ϩ paternal height Ϫ 13)/2 ϩ 4.5] for girls (20) . Onset of puberty was defined as breast stage 2 according to Tanner for girls and testicular volume Ն4 mL for boys (21) . Bone age was determined once a year according to Tanner and Whitehouse RUS (22 (9) , genomic DNA extracted from peripheral blood leukocytes was diluted to a concentration 5 ng/L. Target regions were amplified by PCR with Taq polymerase (QIAGEN). The forward primer IGF2exR3 5Ј-CTCGGCATTATGACCTGTGT-Ј3 and reverse primer IGF2ex3R 5Ј-AGGCGTGTGATGGGAAAG-Ј3 were used to amplify the target including the IGF-2 mutation. The CDKN1C target region containing the mutation was amplified using primers described previously (10) .
Calculations and statistical analysis
SDS values for birth length and birth weight were calculated to correct for gestational age and gender (18) , SDS for weight and blood pressure to correct for height and gender, and SDS for height, IGF-1, and IGF binding protein-3 (IGFBP-3) levels to correct for gender and age (19, 23) . SDS values for birth length, birth weight, height, and weight were calculated using the Growth Analyzer software (http://www.growthanalyser.org). Total height gain was defined as AH SDS minus height SDS at the start of GH. Prepubertal height gain was defined as height SDS at the onset of puberty minus height SDS at the start of GH, and pubertal height gain was defined as AH SDS minus height SDS at the onset of puberty. Distance to TH SDS at AH was determined as TH SDS minus AH SDS.
Differences in characteristics between SRS and non-SRS were determined using an independent-sample t test (continuous data) or 2 test (categorical data). Using one-way ANOVA, we compared characteristics and response to GH treatment among the different genetic causes of SRS.
Because follow-up was not complete until AH (AH data were available for 26 SRS subjects [42%] and 159 non-SRS subjects [70%]), in addition to the uncensored cases analysis, we also performed a linear mixed model analysis to compare longitudinal changes in height between SRS and non-SRS, adjusting for missing values. In this analysis, factors were SRS (1 ϭ SRS; 0 ϭ non-SRS) and time (0 ϭ baseline; 1 ϭ 1 year GH; 2 ϭ onset puberty; 3 ϭ AH). An unstructured repeated covariance type was used, correcting for total treatment duration and age at the start of treatment.
To evaluate which variables associate with total height gain SDS in the total group and in subjects with SRS, we used multiple regression (MR) analyses. We included TH SDS, age at start of treatment, height at start of treatment, and duration of treatment. To analyze whether SRS negatively influenced total height gain, we included the variable SRS (1 ϭ yes; 0 ϭ no) as a dummy variable in the total group analysis. Consecutively, we added 11p15 alteration (1 ϭ yes; 0 ϭ mUPD7 or idiopathic SRS) to the MR analysis for the SRS subjects to test the influence of 11p15 on total height gain in SRS subjects compared to mUPD7 and idiopathic SRS.
Results were considered statistically significant if the P value was Ͻ.05. All analyses were performed with SPSS for Windows (version 21.0; SPSS Inc).
Results
Clinical characteristics of the SRS and non-SRS subjects born SGA are listed in Table 1 . Of the 62 SRS patients, 31 had a methylation defect in the 11p15 region (n ϭ 24 ICR1 hypomethylation, six duplication of the maternal 11p15 allele, one deletion of the paternal allele), and 11 patients had an mUPD7. There were no patients with an IGF-2 or CDKN1C mutation in the 14 out of 20 idiopathic SRS patients who were tested for these mutations. Twenty clinical SRS patients tested negative for the (epi)genetic alterations causing SRS and were thus assigned to the idiopathic SRS group.
The ratio of males/females was similar between SRS and non-SRS and among the three SRS groups. SRS pa- tients had a significantly lower birth weight and birth length (P Ͻ .005). Those with mUPD7 had the greatest birth length SDS of the three SRS groups (Ϫ1.92 SDS vs Ϫ4.37 in 11p15 and Ϫ4.55 in idiopathic SRS; P ϭ .002), and there was a trend toward the greatest birth weight (P ϭ .10). TH was 0.30 SDS higher in SRS than in non-SRS (P ϭ .01). There was a trend toward a higher TH in 11p15 and mUPD7 than in idiopathic SRS (P ϭ .08). Table 2 and Figure 1A show height SDS in SRS and non-SRS from the start of GH treatment until AH. At the start of GH treatment, mean (SD) age was 4.9 (2.2) years in SRS and 6.7 (2.2) years in non-SRS (P Ͻ .001). Mean height (SD) at the start of GH treatment was Ϫ3.67 (1.0) SDS in SRS vs Ϫ2.92 (0.6) SDS in non-SRS (P Ͻ .001). Weight for height at the start was 1.36 SDS lower in SRS subjects than in non-SRS subjects (P Ͻ .001). Serum IGF-1 and IGFBP-3 SDS at the start were comparably low in both groups (P ϭ .96 and P ϭ .31, respectively).
Growth during GH treatment in SRS vs non-SRS
During the first year of GH treatment, height gain was 0.96 (0.5) SDS in SRS vs 0.84 (0.3) SDS in non-SRS (P ϭ .08). Serum IGF-1 SDS increased to 1.51 (1.3) SDS in SRS vs 0.63 (1.3) SDS in non-SRS (P Ͻ .001).
SRS subjects, both girls and boys, were significantly younger at the onset of puberty than non-SRS (P Ͻ .001). Height SDS at onset of puberty was similar in SRS and non-SRS (P ϭ .81).
SRS and non-SRS attained their AH at a similar age (P ϭ .17). From the onset of puberty until AH, height SDS declined in both groups: with 0.75 (0.7) SDS in SRS and with 0.44 (0.7) SDS in non-SRS (P ϭ .051), resulting in a mean AH SDS of Ϫ2.17 (0.8) in SRS and Ϫ1.65 (0.8) in non-SRS (P ϭ .002) and a larger distance to TH in SRS subjects (P Ͻ .001). Total height gain SDS from start of 
Differences among 11p15, mUPD7, and idiopathic SRS
We evaluated whether the growth response to GH differed among the three SRS groups (Table 2 and Figure 1B) . Height SDS and weight for height at the start of GH treatment were similar in the three groups. During the first year of GH treatment, height gain was also similar in the three Boys with mUPD7 were the youngest at onset of puberty (P ϭ .04). There was a trend toward the greatest height SDS at the onset of puberty in 11p15 SRS and the lowest in idiopathic SRS (P ϭ .12).
The three SRS subgroups attained their AH at a comparable age (P ϭ .44). AH SDS was Ϫ2.42 (1.0) in 11p15, Ϫ2.00 (0.7) in mUPD7, and Ϫ1.96 in idiopathic SRS (P ϭ .39). There was a trend toward a lower total height gain from the start of GH to AH in 11p15 compared to mUPD7 and idiopathic SRS (P ϭ .12). At near AH, IGF-1 levels were similar among the three SRS subgroups (P ϭ .82).
Factors associated with total height gain
The MR analysis in the total group (SRS and non-SRS; Table 3 , left column) showed that TH SDS (␤ ϭ 0.33; P Ͻ .001) and total treatment duration (␤ ϭ 0.14; P ϭ .001) positively influenced total height gain. Height SDS at the start of GH treatment (␤ ϭ Ϫ0.49; P Ͻ .001) was negatively associated with total height gain. SRS patients negatively influenced total height gain of the total group (␤ ϭ Ϫ0.44; P ϭ .013). This model explained 35% of the variance in total height gain until AH (P Ͻ .001).
In the non-SRS group, the variables influencing total height gain were similar to those of the total group (SRS and non-SRS) ( Table 3 , middle column).
Subsequently, we analyzed which variables influenced total height gain in the SRS subjects (Table 3 , right column). TH SDS (P ϭ .84) and total duration of GH (P ϭ .58) did not significantly influence total height gain in this model. Height SDS at the start (␤ ϭ Ϫ0.67; P ϭ .02) negatively influenced total height gain. There was a trend toward a negative influence of subjects with an 11p15 aberration on total height gain of the SRS subjects (␤ ϭ Ϫ0.52; P ϭ .13). This model explained 45% of the variance in total height gain in SRS subjects (P ϭ .007).
GnRHa treatment in SRS
In 17 SRS subjects (five 11p15, five mUPD7, and seven idiopathic SRS), puberty was postponed for 2 years due to a low predicted AH using GnRHa (leuprolide acetate depot, 3.75 mg sc every 4 weeks) in addition to GH treatment. Five patients were male, and 12 were female.
Mean [SD] age at the start of puberty was significantly lower (9.4 [0.9] years) in the SRS girls treated with additional GnRHa than in those without (11.0 [1.2] years; P ϭ .004). Height at the onset of puberty was 132.1 [8.8] cm in SRS girls with GnRHa vs 139.4 [9.9] cm in SRS girls without (P ϭ .15). Height gain from the onset of puberty until AH was greater in SRS girls with additional GnRHa 
Safety
GH treatment was well tolerated in SRS and non-SRS. No adverse events considered to be drug-related were observed. After 1 year of treatment, 38.6% of the SRS patients had IGF-1 levels above ϩ2 SDS vs 11.1% of the non-SRS subjects (P Ͻ .001). At near AH, 24.0% of the SRS patients and 9.1% of the non-SRS subjects had IGF-1 levels above ϩ2 SDS (P ϭ .15).
Two female SRS patients with an ICR1 hypomethylation were diagnosed with a slipped capital femoral epiphysis (SCFE) during GH treatment at 11 and 10 years of age, respectively. Both girls underwent surgical fixation of the hip joint. Because these events were not considered related to GH by the treating physicians, after fixation, GH treatment was continued.
Discussion
In this study, the growth response to GH treatment was compared between 62 SRS patients and 227 short, nonsyndromic subjects born SGA. Mean total height gain was similar in SRS and non-SRS subjects born SGA. Although SRS subjects did not attain the same AH, GH treatment is similarly effective in SRS as in non-SRS SGA subjects. All SRS subtypes benefit from GH treatment, with a trend toward mUPD7 and idiopathic SRS having the greatest height gain.
Our study represents a large study describing growth during GH treatment in a cohort of SRS subjects treated for a long time. We found that SRS patients attained a mean AH of Ϫ2.17 SDS and that total height gain was 1.30 SDS, compared to a mean AH of Ϫ1.65 SDS and a total height gain of 1.26 SDS in non-SRS patients. The effectiveness of GH treatment in short children born SGA had been reported (24 -26) , but long-term effects of GH in SRS patients were very scarce. Rakover et al (27) described 33 SRS patients treated with GH. There was a significant improvement in growth during 3 years of GH therapy, but AH data were missing. To our knowledge, there are only two studies describing AH after GH therapy in SRS patients (14, 16). Binder et al (16) described 37 patients with a mean height at the start of Ϫ3.34 SDS. Overall height gain was 1.18 SDS in males and 1.47 SDS in females, which is comparable with the height gain in our cohort. Unfortunately, in that study a large number of patients measured their height themselves, which might lead to unreliable results. Also, only data at the start of treatment and at AH were analyzed, and height data around puberty were lacking. In the study of Toumba et al (14) , 26 SRS patients with a median height at the start of Ϫ2.7 SDS were described. In that study, boys attained a higher AH (Ϫ1.0 SDS) than girls (Ϫ2.3 SDS), and median height gain was 1.4 SDS. However, no patients were tested for methylation aberrations on 11p15, and the scoring system to diagnose clinical SRS has been updated since then. In both studies, a control group of short SGA children without SRS was lacking. Although total height gain in SRS and non-SRS subjects was similar in our study, SRS patients did not attain the same AH because they were significantly shorter at the start of GH. Also, puberty started earlier in SRS patients, leading to earlier closure of the growth plates and a lower AH at a younger age. Indeed, there was a steeper decline in height SDS from the onset of puberty until AH in SRS. A decline in height SDS during puberty is a known phenomenon in short SGA children who are treated with GH (26) . Puberty was delayed with GnRHa in 17 SRS patients. Because pubertal height gain was greater in those treated with GnRHa in addition to GH, adding GnRHa treatment can be beneficial in those who start puberty at a young age with a short height. However, our study was not designed to give a definite answer on this matter.
Our study has two important strengths: the application of strict criteria to diagnose clinical SRS (15) , and the performance of additional DNA analysis in all clinical SRS patients, including the recently discovered CDKN1C and IGF-2 mutations in a majority of the patients (9, 10). Previous studies describing GH treatment in SRS patients did not perform extensive genetic testing (14, 27) . In our cohort, we did not detect IGF-2 or CDKN1C mutations in 14 of 20 idiopathic SRS patients who were tested for these mutations. Our findings are in line with those of Müller et al (28) who did not find IGF-2 mutations in 72 patients with a clinical SRS phenotype. Until now, CDKN1C mutations have been described in just one family (10, 29) . Our study shows that IGF-2 and CDKN1C mutations are not a major molecular cause of SRS and that only in familial cases with paternal inheritance of the SRS phenotype do IGF-2 mutations need to be considered (9, 28, 30) .
To analyze genotype-phenotype correlations, we compared GH response among patients with an 11p15 methylation defect, mUPD7 and idiopathic SRS. Height SDS was similar at the start, but there was a trend toward a greater height gain in the patients with mUPD7 and idiopathic SRS compared to patients with an 11p15 methylation defect. This is in line with a previous study reporting that the 11p15 alterations cause a more severe phenotype of SRS (17) . Patients with mUPD7 or idiopathic SRS thus respond better to GH treatment than those with 11p15. Because those with an 11p15 alteration also increase their height with almost 1 SDS, we also consider GH treatment beneficial for SRS patients with an 11p15 alteration.
The number of patients in the SRS subgroup analysis for AH was relatively small because SRS is a rare disorder and not all patients attained AH yet. Thus, definite conclusions should await findings in a larger cohort. Despite applying the most recent genetic assessments regarding SRS, there was still an idiopathic SRS group. We, therefore, suggest that future studies aim at elucidating the genetic causes of idiopathic SRS.
IGF-1 levels were similar at the start of GH treatment in SRS and non-SRS groups. However, after 1 year of GH treatment, IGF-1 levels were higher in the SRS group due to high IGF-1 levels in the SRS patients with an 11p15 alteration. This finding is in concordance with a previous study, suggesting reduced IGF-1 sensitivity in SRS patients with an 11p15 epimutation (31) . However, the mechanism behind the reduced IGF-1 sensitivity remains to be elucidated. At near AH, IGF-1 levels were not significantly different anymore between SRS and non-SRS or among the different SRS subgroups, which is reassuring. Based on the higher IGF-1 levels in the SRS group after 1 year of GH treatment, we suggest careful monitoring of IGF-1 levels in these children, especially in those with an 11p15 alteration. Our findings highlight the importance of attaining more knowledge about the degree of IGF-1 insensitivity in SRS children and whether higher IGF-1 levels, even within the normal range, have long-term consequences.
GH treatment was well tolerated in SRS and non-SRS groups. Two SRS patients were diagnosed with SCFE during GH treatment. Whether GH-treated SRS subjects are at increased risk for SCFE cannot be concluded from these two events. Besides this, there were no adverse events observed that were considered to be drug-related over a long period of time. We therefore conclude that, besides a possible increased risk for SCFE, there is no safety concern about GH treatment in children with SRS.
In conclusion, we showed that SRS patients respond well to GH treatment and that total height gain is similar in SRS and non-SRS subjects born SGA. There was a trend toward a better response to GH treatment in SRS patients with mUPD7 and idiopathic SRS compared to patients with an 11p15 methylation defect, but GH treatment is also beneficial for those with 11p15. Because no adverse events occurred over a long treatment period, there is no safety concern about GH in children with SRS. Future studies should aim at elucidating the genetic causes of idiopathic SRS and the long-term consequences of short SGA in general and SRS in particular. Children with clinical signs of SRS should be tested for 11p15 methylation aberrations and mUPD7.
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